Hepatitis E virus (HEV) is an important human pathogen. At least four recognized and two putative genotypes of mammalian HEV have been reported: genotypes 1 and 2 are restricted to humans whereas genotypes 3 and 4 are zoonotic. The current experimental vaccines are all based on a single strain of HEV, even though multiple genotypes of HEV are co-circulating in some countries and thus an individual may be exposed to more than one genotype. Genotypes 3 and 4 swine HEV is widespread in pigs and known to infect humans. Therefore, it is important to know if prior infection with a genotype 3 swine HEV will confer protective immunity against subsequent exposure to genotypes 3 and 4 human and swine HEV. In this study, specificpathogen-free pigs were divided into 4 groups of 6 each. Pigs in the three treatment groups were each inoculated with a genotype 3 swine HEV, and 12 weeks later, challenged with the same genotype 3 swine HEV, a genotype 3 human HEV, and a genotype 4 human HEV, respectively. The control group was inoculated and challenged with PBS buffer. Weekly sera from all pigs were tested for HEV RNA and IgG anti-HEV, and weekly fecal samples were also tested for HEV RNA. The pigs inoculated with swine HEV became infected as evidenced by fecal virus shedding and viremia, and the majority of pigs also developed IgG anti-HEV prior to challenge at 12 weeks post-inoculation. After challenge, viremia and fecal virus shedding of challenge viruses were not detected, suggesting that prior infection with a genotype 3 swine HEV prevented pigs from developing viremia and fecal virus shedding after challenges with homologous and heterologous genotypes 3 and 4 HEV. The results from this study have important implications for future development of an effective HEV vaccine.
Introduction
Hepatitis E virus (HEV), the causative agent of human hepatitis E, is an important pathogen worldwide (Meng, 2010a (Meng, , 2010b Purcell and Emerson, 2008) . Although the mortality rate is generally low, it can reach up to 28% in HEV-infected pregnant women (Bhatia et al., 2008; Jilani et al., 2007) . As a fecal-orally transmitted virus, contaminated water is the most common source of infection for large outbreaks in developing countries due to poor sanitation conditions Meng, 2010b) . In some industrialized countries, sporadic cases of acute hepatitis E that are likely caused by zoonotic transmission have also been reported. Cases of autochthonous HEV infections from industrialized countries are increasing (Aikawa et al., 2002; Colson et al., 2010; Jameel, 1999; LegrandAbravanel et al., 2010; Mizuo et al., 2005) .
At least four recognized genotypes of mammalian HEV have been identified worldwide: genotypes 1 and 2 strains of HEV have a limited host range and are restricted to humans, whereas genotypes 3 and 4 have an expanded host range and are zoonotic (Meng, 2010a (Meng, , 2010b Pavio et al., 2010; Pavio and Mansuy, 2010) . The first animal strain of HEV, swine HEV, was identified from pigs in the United States (Meng et al., 2007) . Thus far, all viruses identified from pigs worldwide belong to either genotype 3 or genotype 4 (Meng, 2010a (Meng, , 2010b Okamoto, 2007) . Besides pigs and humans, HEV has also been genetically identified from chickens (Haqshenas et al., 2001) , rats (Johne et al., 2010) , mongoose (Nakamura et al., 2006) , deer Tei et al., 2003) , and rabbits (Zhao et al., 2009) . Two putative new genotypes of mammalian HEV, rat HEV (Johne et al., 2010 ) and a novel wild boar HEV (Takahashi et al., 2011) , have recently been identified. It appears that all mammalian HEV genotypes identified thus far may belong to a single serotype Meng, 2010b) , since antigenic cross-reactivity of the capsid protein among mammalian HEV strains and between avian HEV and mammalian HEV have been reported (Haqshenas et al., 2002) . The avian HEV from chickens likely belongs to a separate genus (Bilic et al., 2009) .
Hepatitis E is a recognized zoonotic disease, and several animal species such as domestic and wild pigs and deer can serve as reservoirs (Meng, 2010b; Pavio et al., 2010) . Swine HEV is enzootic in domestic and wild pigs essentially in all swine-producing countries worldwide and has a very high incidence in swine herds (Bouwknegt et al., 2008; Casas et al., 2009; De Deus et al., 2008a , 2008b Sonoda et al., 2004; Van der Poel et al., 2001) . It has been reported that humans in regular contact with pigs such as veterinarians and other pig handlers appear to be at higher risk of HEV infection (Drobeniuc et al., 2001; Meng et al., 2003) . Under experimental conditions, genotypes 3 and 4 strains of human HEV infected pigs, and conversely genotypes 3 and 4 strains of swine HEV infected non-human primates (Arankalle et al., 2006; Halbur et al., 2001; Meng et al., 1998) . Strains of HEV recovered from human hepatitis E patients are genetically indistinguishable from swine HEV recovered from pig livers in grocery stores, and zoonotic human infections with genotypes 3 and 4 swine HEV through direct contact with infected animals or via consumption of undercooked or raw animal meats have also been reported (Colson et al., 2010; Rolfe et al., 2010; Takahashi et al., 2004; Yazaki et al., 2003) .
Currently, there is very limited data regarding the cross-protection between different HEV strains belonging to different genotypes. The objective of this study was to evaluate the cross-protective ability of prior genotype 3 swine HEV infection in pigs against subsequent challenge with homologous swine HEV strain and heterologous human HEV strains of different genotypes.
Materials and Methods

Virus Stocks
The HEV infectious stocks used in this study were generated from previous studies, including a genotype 3 swine HEV with an infectious titer of 10 4.5 50% pig infectious dose (PID 50 ) (Halbur et al., 2001; Meng et al., 1988) , a genotype 3 U.S. strain of human HEV (Feagins et al., 2008; Halbur et al., 2001; Meng et al., 1988) , and a genotype 4 Taiwanese strain of human HEV each diluted to approximately 3.4 × 10 8 genomic equivalent (GE) titer per ml of 10% fecal suspension in PBS buffer (Feagins et al., 2008; Wu et al., 2000) . These virus stocks are known to be infectious when intravenously inoculated into pigs (Feagins et al., 2008; Halbur et al., 2001; Meng et al., 1988) .
Experimental Design
Twenty-four, 8-week-old, cross-bred specific-pathogen-free (SPF) pigs that were tested negative for IgG anti-HEV were randomly divided into 4 groups of 6 pigs each. Pigs in each group were housed in separate rooms within a climate controlled Biosafety Level 2 (BSL-2) facility. A strict biosecurity protocol was followed for feeding and sample collection. Group 1 negative control pigs were inoculated intravenously (IV) with sterile PBS buffer and subsequently challenged with PBS buffer at 12 week post-inoculation (wpi). Pigs in groups 2, 3, and 4 were all inoculated IV with 10 4.5 PID 50 of a genotype 3 strain of swine HEV, and subsequently challenged, at 12 wpi, with 3.4 × 10 8 GE titer of a genotype 3 US-2 strain of human HEV, 10 4.5 PID 50 titer of the same genotype 3 strain of swine HEV used for initial inoculation, and 3.4 × 10 8 GE titer of a genotype 4 Taiwanese strain of human HEV, respectively. At 4 weeks post-challenge (wpc), all pigs were necropsied. Serum and fecal samples were collected prior to inoculation and weekly thereafter, and tested for the presence of HEV RNA by nested RT-PCR. The weekly serum samples were also tested for IgG anti-HEV with an ELISA.
ELISA for the detection of IgG anti-HEV
The ELISA was performed essentially as previously described (Feagins et al., 2007 (Feagins et al., , 2008 Halbur et al., 2001; Meng et al., 1997 Meng et al., , 1998 with the exception that the antigen used in this study was a recombinant protein expressed and purified from E.Coli, representing amino acids 452-617 of the HEV capsid protein (GenWay, Inc, San Diego, CA). The ELISA cutoff was set at 3 standard deviations above the mean OD values of the pre-inoculation samples (Feagins et al., 2007 (Feagins et al., , 2008 Halbur et al., 2001; Meng et al., 1997 Meng et al., , 1998 .
Nested RT-PCR to detect HEV RNA in fecal and serum samples
The nested RT-PCR assays used for the detection of HEV RNA from serum and fecal samples were essentially the same as previously described (Feagins et al., 2007 (Feagins et al., , 2008 with slight modifications. Strain-specific primers to amplify the ORF2 region of each virus were designed to detect the genotype 3 swine HEV, genotype 3 US-2 human HEV, and genotype 4 Taiwanese Total RNAs were extracted with Trizol Reagent (Life Technologies, Carlsbad, CA) from 150 μl of serum or 10% fecal suspension. Reverse transcription and cDNA synthesis were performed at 42°C for 1 hr with 1 μl (10 μM) of the first round reverse primer specific for each virus, 1 μl (200 units/μl) of Superscript II reverse transcriptase (Life Technologies, Carlsbad, CA), 1 μl of 0.1M dithiothreitol, 4 μl of 5× RT buffer, 0.5 μl (40 units/μl) of RNasin ribonuclease inhibitor (Promega, Madison, WI), and 1 μl of 10 mM deoxynucleoside triphosphates. Nested PCR using AmpliTaq Gold DNA polymerase (Applied Biosystems, Carlsbad, CA) and genotype-specific primers was then performed on each sample [34] . The cycling parameters included an initial denaturation step at 95°C for 9 min, followed by 39 cycles of denaturation for 1 min at 94°C, annealing for 1 min at 52°C, extension for 1 min at 72°C, and a final extension step at 72°C for 7min. The expected final PCR products of the amplified ORF2 gene region for genotype 3 swine HEV, genotype 3 human HEV, and genotype 4 human HEV are 680 bp, 779 bp, and 508 bp, respectively.
Results
Fecal virus shedding in pigs inoculated with genotype 3 swine HEV prior to challenge
Rectal temperature, body weight or feed intake was not recorded, since HEV infection in pigs does not cause clinical sign of diseases (Halbur et al., 2001) . Three pigs in the negative control group 1 and one pig in group 4 died of over-eating prior to challenge, and were excluded from the study. Prior to challenge, the weekly fecal samples from each pig were tested for the presence of the genotype 3 swine HEV by a nested RT-PCR. Fecal virus shedding started at 1 wpi with five positive pigs in group 2, three positive pigs in group 3, and 2 positive pigs in group 4 (Table 1) . Genotype 3 swine HEV RNA was thereafter detected in the feces of all pigs in groups 2, 3 and 4 prior to challenge at 12 wpi (Table 1) . Fecal virus shedding was not detectable in any of the group 1 pigs inoculated with PBS buffer (Table 1) .
Viremia in pigs inoculated with genotype 3 swine HEV prior to challenge
During the 12 weeks prior to challenge, viremia was detected variably in 16 of 17 pigs (except for pig # 1644) inoculated with the genotype 3 swine HEV in groups 2, 3, and 4 (Table 2) . Viremia began at 1 wpi in 4/6 pigs in group 2, 4/6 pigs in group 3, and 2/5 pigs in group 4 (Table 2 ). Negative control pigs in group 1 inoculated with PBS buffer remained negative ( Table 2 ). The viremia in most pigs is transient lasting 1-3 weeks (Table 2) , however some animals such as pigs #1738, #1744 and #1748 in group 2, and pig #1640 in group 4 had a prolonged period of viremia (Table 2) .
Seroconversion to IgG anti-HEV in pigs inoculated with genotype 3 swine HEV prior to challenge
Seroconversion to IgG anti-HEV started at 1 wpi in some of the groups 2 and 4 pigs, and at 2 wpi in some of the group 3 pigs (Fig. 1) . During the first 12 weeks prior to challenge, pigs in all three experimental groups seroconverted to IgG anti-HEV antibody except for pig 1645 in group 3 and pig #1740 in group 4 (Fig. 1) . Negative control pigs (ID# 1739 and #1746) remained seronegative throughout the study, although pig #1737 had an elevated OD reading that was at the borderline of the cutoff (Fig. 1) . Serum and fecal samples from pig#1737 are tested negative by RT-PCR for HEV RNA throughout the study.
Protection and cross-protection of HEV infections in pigs challenged with homologous and heterologous genotypes of HEV
At 12 wpi, pigs in groups 1, 2, 3, and 4 were challenged with sterile PBS buffer (control), a genotype 3 US-2 strain of human HEV, the same genotype 3 strain of swine HEV as used in the inoculum, and a genotype 4 Taiwanese strain of human HEV, respectively. After challenge, weekly serum and fecal samples were collected from each pig, and all pigs were necropsed at 4 wpc. Fecal virus shedding and viremia were tested by nested RT-PCR assays specific for each challenge strain of HEV. At no time point after challenge, was there any HEV RNA detected in the sera of pigs in any group (Table 2) . Likewise, HEV RNA specific to the challenge virus was not detected in the feces of pigs in group 2 or group 4. Pig 1649 in group 4 continued to shed genotype 3 swine HEV from the original inoculation as confirmed by sequence analysis in feces for one week after challenge (Table 1 ). In group 3 pigs challenged with the homologous same genotype 3 strain of swine HEV, pig 1645 shed the same genotype 3 swine HEV in feces at 1 wpc while pig 1650 shed the same genotype 3 swine HEV in feces at 4 wpc ( Table 1) . After challenge, the levels of IgG anti-HEV antibodies maintained in similar levels with a slight decrease in titers in some pigs towards the end of the study. A booster effect on IgG anti-HEV level after challenge was not evident, which is expected since the prior infection protected against the challenge (Fig. 1) . As expected, viremia, fecal virus shedding and seroconversion were not detected in the negative control pigs in group 1 (Fig. 1). 
Discussion
A vaccine against HEV has not yet been available, largely due to the inability to efficiently propagate HEV in cell culture. The recent adaptation of several strains of HEV to replicate more efficiently in established cell lines (Okamoto, 2011; Shukla et al., 2011) may aid the future development of an affordable HEV vaccine. The current experimental HEV vaccines, which are all based on the recombinant ORF2 capsid protein of a single strain of HEV, are promising in clinical trials (Arankalle et al., 2009; Shrestha et al., 2007; Zhu et al., 2010) , however their efficacies against the diversified field strains of HEV from different genotypes, especially against the emerging and zoonotic strains of HEV, need to be evaluated. In a given geographic region, multiple genotypes of HEV are co-circulating in the same population. For example, genotypes 1, 3 and 4 HEV strains are all circulating in China . Thus, it is possible that an individual may be exposed to more than one genotype of HEV. It will be important to know if prior exposure to one genotype will induce sufficient protective immunity against subsequent exposure to a different genotype. In addition, the high prevalence of swine HEV infection in pigs increases the risk of zoonotic human infections by swine HEV (Meng et al., 2003) . For example, individuals from the major swine-producing state of Minnesota are at least 5 times more likely to be seropositive for IgG anti-HEV than individuals from traditionally non-major swine state such as Alabama (Meng et al., 2003) . It is unclear if the individuals infected by the zoonotic swine HEV will confer protection against subsequent exposure to human strains of HEV of a different genotype. This study was designed to partially address these questions by evaluating the cross-protection of HEV infection in pigs inoculated with a genotype 3 swine HEV and then subsequently challenged with homologous genotype 3 swine HEV and heterologous human HEV strains from a different genotype.
All experimental pigs inoculated with the genotype 3 swine HEV became infected as evidenced by seroconversion to IgG anti-HEV (Fig. 1) , fecal virus shedding (Table 1) and  viremia (Table 2 ). Consistent with previous infection studies in pigs, the inoculated animals remained clinically healthy but began to shed virus in feces and become viremic within the first two weeks after inoculation. As was the case in previous studies, pig-to-pig variations in the onset and duration of fecal virus shedding, viremia and seroconversion were observed in inoculated pigs. Some inoculated animals such as pigs #1738 and #1748 in group 2 and pigs #1640 and #1649 in group 4 had extended fecal virus shedding and prolonged viremia. The exact reason for the observed long period of fecal virus shedding and viremia is not known, but similar observations have been reported in some of HEV-infected chickens and pigs in our previous studies (Billam et al., 2005; Feagins et al., 2007 Feagins et al., , 2008 . Also, cases of chronic HEV infections and prolonged virus shedding have been reported in transplant patients as well HIV-infected individuals (Legrand-Abravanel et al., 2010; Renou et al., 2010) . In addition, long-term shedding of genotype 3 swine HEV for up to 12 weeks in naturally-infected pigs has also been reported (Kanai et al., 2010) . It is possible that pigs infected by HEV may develop persistent infection more often than what we originally thought. While this study is not designed to determine the reason for the observed pig-to-pig variation in virus shedding or viremia, it is possible that some behavioral characteristics such as stress or altered sleep patterns in a certain group or animal may affect the course of HEV infection. There is also a possibility that some animals with extended fecal virus shedding and viremia may become re-infected before the animal mounts an effective immune response from the initial infection.
Importantly for this study, pigs inoculated with the genotype 3 swine HEV seroconverted to IgG anti-HEV antibodies (Fig. 1) . Pig-to-pig variations in IgG anti-HEV antibody response are evident within each group. A few pigs such as pig #1645 in group 3 and pig #1740 in group 4 had a very low level of IgG anti-HEV response below the cutoff before challenge. However, overall the majority of pigs inoculated with swine HEV developed IgG anti-HEV prior to challenge at 12 wpi, and the results indicated that pigs inoculated with the swine HEV became infected and elicited humoral immune response prior to challenge.
At 12 wpi, the pigs were challenged with two different genotypes of human HEV (genotypes 3 and 4) as well as with the homologous same genotype 3 strain of swine HEV. After challenge, fecal virus shedding and viremia were undetectable in the pigs that had been previously infected with the genotype 3 swine HEV. Two pigs in group 3 (ID# 1645, # 1650) and one pig in group 4 (ID# 1649) had transient fecal virus shedding of one week after challenge, and subsequent sequence analyses of the excreted viruses recovered from the fecal samples of the three pigs indicated that the virus belongs to the genotype 3 swine HEV from the original inoculation. Thus, the transient one-week fecal virus shedding after challenge in pig #1649 in group 4 is due to the persistent infection of the genotype 3 swine HEV from the original inoculation rather than from the challenge genotype 4 human HEV. However, the source of genotype 3 swine HEV detected after challenge in pigs #1645 and #1650 in group 3 could not be determined since the pigs in this group were challenged with the same genotype 3 swine HEV. It is possible that the transient one-week fecal virus shedding in these two pigs may be due to incomplete protection against the homologous challenge virus, since fecal virus shedding from the initial inoculation were fully cleared in both pigs by 6 weeks post-inoculation. Overall, the results from this study clearly demonstrated that prior infection with the genotype 3 swine HEV prevented pigs from developing viremia and fecal virus shedding upon challenges with homologous swine HEV and heterologous human HEV strains. Our result is consistent with a non-human primate study in which rhesus macaques initially infected with genotypes 1 or 4 human HEV are protected from subsequent challenge with heterologous genotypes of HEV . The results from this study suggest that a vaccine derived from one genotype of HEV or from an animal strain of HEV is sufficient to elicit protective immunity against other HEV genotypes, and this finding is important when designing future HEV vaccine strategies. IgG anti-HEV response in pigs inoculated with a genotype 3 swine HEV and subsequently challenged, at 12 weeks post-inoculation (wpi), with different strains of human and swine HEV. A: Pigs inoculated and challenged with PBS buffer. B: Pigs inoculated with a genotype 3 swine HEV and challenged at 12 wpi with a genotype 3 human HEV (US-2 strain). C: Pigs inoculated with a genotype 3 swine HEV and challenged at 12 wpi with the same genotype 3 swine HEV. D: Pigs inoculated with a genotype 3 swine HEV and challenged at 12 wpi with a genotype 4 human HEV (Taiwanese strain). Arrow in the X-axis indicates the time of challenge at 12 wpi. All pig were necropsied at 4 weeks post-challenge (wpc) 
